INTRODUCTION
The control of mating type in the budding yeast Saccharomyces cerevisiae has been fertile ground for research into areas as diverse as transcriptional regulation, signal transduction, and the cell cycle. Recent reviews encompass much of this work (2, 3, 70, 71, 114, 129, 130, 139, 153, 172, 173) . In this paper, we focus on one aspect of the control of mating type in S. cerevisiae: the mechanism by which mating-tpe genes at one chromosomal location are expressed while identical copies of these genes at other chromosomal locations are not expressed.
The three cell types of S. cerevisiae differ in the genes present at AM T, the mating-type locus. Strains with the AMTa allele express the al and a2 genes and are of the a cell type, and strains with the AM Ta allele express the al and a2 genes and are of the a cell type. Haploid cells of opposite mating type conjugate to form the third cell type, the a/a diploid, which is heterozygous for the two AM T alleles. Cells that express both AMT alleles, such as the a/a diploid, are 544 LAURENSON AND RINE molecular experiments outlined the fundamental question about repression at the silent mating-type loci: how can identical genes with identical promoter sequences be transcriptionally active in one chromosomal location and transcriptionally inactive in other chromosomal locations within the same nucleus? Although the mechanism of repression remains to be elucidated, we now understand much more about the nature of silencing and the genes and sequences involved in repression. 3 indicated, with the genes normally resident at those loci and the direction of their transcription depicted above the diagram (see reference 5 and references therein). The E and I silencers flank HML and HMR (1, 12) , and the regulatory genes required in trans for the repression of HML and HMR are boxed (85, 87, 102, 118, 126, 135, 150, 189) . The genetic and physical distances between the three loci are indicated below the diagram (124, 193) . A double-stranded cleavage by the HO endonuclease initiates mating-type switching, which replaces the genes at M4T with copies of the genes at either HML or HMR (reviewed in reference 72).
DISCOVERY OF TRANSCRIPTIONAL SILENCING
The phenomenon of transcriptional repression at the silent mating-type loci was defined through genetic analyses, and subsequent discoveries of a more molecular nature have confirmed and expanded an understanding of silencing (reviewed in reference 69) . A number of genetic observations established the basic concepts of silencing. First, genetic evidence suggested that the S. cerevisiae genome contains three loci capable of determining mating type (74, 75, 92, 98) . In addition to the MAT locus, two other loci, one to the left and one to the right of MA4T on chromosome III, contain copies of mating-type information. These additional loci are now known as HML and HMR, respectively ( Fig. 1 ). Cloning and sequencing of the three loci confirmed that the AMT locus contains either a copy of the al and a2 genes (referred to as the MATa allele) or a copy of the al and a2 genes (the MATa allele [5, 73, 131, 178] ). At the silent mating-type loci in most strains, HML contains a copy of the al and a2 genes (the HMLa allele) and HMR contains a copy of the al and a2 genes (the HMRa allele). The sequences of the mating-type genes at HML and HMR are identical to those at MAT. Because the allele at the MAT locus determines the matingtype phenotype of a cell in wild-type strains, whereas HML and HMR do not contribute to the mating-type phenotype in wild-type strains, the information at HML and at HMR must be unexpressed. Hence, HML and HMR are known as the silent mating-type loci.
The phenotypes of certain mutants (described below) established that HML and HMR contain fully functional copies of mating-type genes (59, 91, 151) . Indeed, molecular analyses confirmed that the promoters of the divergent al/a2 and al/a2 genes are unaltered at HML and HMR (5, 132) . Furthermore, RNA hybridization experiments indicated that the information at the silent mating-type loci does not contribute to the phenotype of a cell because the silent mating-type loci are transcriptionally repressed (95, 132) .
Thus, a combination of genetic insights and subsequent
GENES INVOLVED IN SILENCING SIR Genes
As outlined above, the phenotypes of mutations that result in the derepression of the silent mating-type loci provided part of the genetic evidence that the silent mating-type loci exist and are silent. Mutations that result in the derepression of HML and HMR have been isolated by a number of investigators (49, 59, 65, 91, 150, 151 ). An analysis of these mutations revealed the existence of four nonessential genes, known as SIRI, SIR2, SIR3, and SIR4 (silent information regulator [ Table 1 ]). All four SIR genes are required to keep HML and HMR in a repressed state. Mutations in SIR2, SIR3, or SIR4 result in the complete derepression of HMLa and HMRa, which leads to the coexpression of a and a information in a single cell and the consequent nonmating phenotype of an a/a diploid. In quantitative mating assays, the mating efficiency of strains with' null alleles of SIR2, SIR3, or SIR4 is approximately 6 orders of magnitude lower than that of the isogenic wild-type control (115, 150) . As will be discussed in detail in a subsequent section, none of the sirl mutant strains have this strong nonmating phenotype; even strains with null alleles of SIRI fail to derepress fully HMLa and HMRa (82, 151, 175) . Because the simultaneous expression of both a and a information in the same cell leads to a nonmating phenotype in haploid strains and a sporulation-proficient phenotype in diploid strains homozygous at the A4T locus, sir mutants can be expected to be isolated in a variety of screens or selections involving mating or diploidspecific phenotypes.
The SIR genes regulate the expression of HML and HMR at the level of transcription. Transcripts from the silent mating-type loci are not detectable by either Si nuclease protection (132) or Northern analyses of wild-type strains (95) . In sir2, sir3, or sir4 strains, the levels of steady-state mRNAs expressed from the silent mating-type loci appear to be equivalent to the levels of steady-state mRNAs expressed from the ALT locus (82, 95, 132) . In sirl strains, transcripts from the silent mating-type loci are detected, but their steady-state level is lower than the level found in sir2, sir3, or sir4 strains (82, 132) . It is often assumed that the absence of detectable transcripts from HML and HMR is due to a block in transcription initiation, although less conventional mechanisms have not been excluded.
Relatively little is known about the protein products of the SIR genes, although all four SIR genes have been cloned and sequenced (82, 115, 163, 175) . SIR4, probably the best characterized of the four proteins, has a molecular mass of 180 kDa, is serine rich, and is hydrophilic (89, 115) . The SIR4 protein contains a nuclear localization consensus sequence (35) , and at least the C-terminal half of the SIR4 protein is enriched in nuclear fractions. SIR4 is phosphorylated on serine and threonine residues in vivo; this phosphorylation does not require SIR], SIR2, or SIR3. bIn general, the mutant phenotype refers to the phenotype resulting from a null mutation in the gene of interest. In the case of ORC2 and CDC7, the genes are essential for viability and the mutant phenotype refers to the phenotype resulting from recessive, conditional mutations in these genes. In the case of RAPI, the gene is essential for viability and the specific mutations and their resulting phenotypes are described more completely in the text. In the case of HHFI and HHF2, the presence of at least one of the two genes is required for viability and the mutant phenotype refers to the phenotype resulting from specific recessive mutations (Table 2 ). In the case of SUMI, the phenotype is that resulting from the dominant SUMJ-1 mutation.
neither cyclic AMP (cAMP) stimulated nor ethylene glycol-
sensitive (89) . Fragments of the SIR4 gene can provide regulatory function in vivo. In particular, the C-terminal half of the protein can complement some mutations in the SIR4 gene (115, 161) . In contrast, overexpression of either the intact SIR4 protein or a smaller C-terminal region of the protein causes derepression (82, 115) . The C-terminal region of the protein sequence contains a leucine zipper motif, leading to the suggestion that SIR4 may interact with other leucine zipper-containing proteins (32) . Indeed, genetic evidence suggests that the SIR4 C terminus is able to dimerize in vivo and may interact with at least one additional protein (27) . The functions of the other SIR genes in silencing are poorly understood. Like SIR4, the SIR3 protein contains a consensus sequence found in proteins localized to the nucleus (35) . Both the SIR3 and the SIR2 proteins, when overexpressed, are enriched in nuclear fractions (141) . One possibility, given the hint that SIR2, SIR3, and SIR4 may be localized to the nucleus, is that these proteins bind DNA themselves or modulate the activity of a protein that binds DNA. However, in gel mobility shift assays with the sequences required for silencing, SIR-dependent changes have not been detected (18, 164) . Although it is possible that one of the SIR proteins regulates the activity of another SIR protein, none of the SIR proteins appear to regulate the transcription of the other SIR genes (82, 163) . Thus, at this point, the mode of action of the SIR proteins remains undetermined.
Additional Genes A number of additional genes, aside from the SIR genes, have been implicated in the repression of the silent matingtype loci (Table 1 ). The genes can be classified into two groups on the basis of their mutant phenotypes. Mutations in the genes within the first group result in the derepression of the silent mating-type loci. The members of the first group include the ORC2 (45) and RIFI genes (63) , whose products may work through the DNA sequences mediating repression. The HHFI, HHF2, RAPI, NATI (TAAA), and ARDI genes, discussed below, are also members of the first group. Because mutations in the genes within the first group result in derepression, these genes are likely to play an important role in repression.
In contrast, the importance to repression of the genes within the second group is less clear. The genes that make up the second group were isolated as suppressors of derepressing mutations, and two of the suppressors in particular merit attention. Strains with mutations in the CDC7 gene are able to suppress the derepressed phenotype resulting from mutations in the DNA sequences that mediate repression at HMR (6) . CDC7 encodes a protein kinase (79, 136) believed to be required for the initiation of mitotic DNA replication (64) . Although the role of CDC7 in silencing is not understood, it provides one of several links between replication and repression (see below). A second suppressor, SUMJ-1, restores repression to strains lacking many of the functions required for silencing at HMR (93, 99) . Because the SUMI-1 allele is dominant, the role of the presumed wild-type SUMI gene is difficult to infer. However, it might act to repress transcription from the silent mating-type loci. (11, 12) . Similarly, deletion mutations to the right of HMR defined a control region, limited to 85 bp, that is known as the I element to reflect its important role in repression. Deletions that remove the I element from a plasmid-borne copy of HMR result in weak derepression (1, 11) . In the chromosome, however, the deletion of HMR-I does not result in derepression (11 are functionally different from HMR-E and HMR-I with respect to their contributions to silencing.
SILENCERS

HMR-E Is a Transcnptional Silencer
Through the further characterization of HMR-E, a new class of regulatory elements, known as silencers, was defined (11) . The HMR-E silencer was named after transcriptional enhancers because, aside from their opposite effects on transcription, the two types of regulatory sequences share many properties. First, HMR-E can function in either orientation to repress HMR expression. Second, the positional relationships between the silencer and the target of its action need not be precise: the HMR-E silencer can repress genes at HMR from a variety of nearby locations. Finally, the HMR-E silencer can act upon other, unrelated genes. For example, the HMR-E silencer can repress the LEU2 and TRPJ genes inserted into HMR and thus is not limited to repressing mating-type genes (11) . HMR-E is also able to mediate the repression of genes transcribed by RNA polymerase III. A tRNA gene inserted into HMRa is repressed in a SIR-dependent manner (160) and requires no sequences between the E and I element for this repression (161) . Thus, the ability of HMR-E to silence transcription is remarkably distance, orientation, promoter, and polymerase nonspecific.
Little is known about the ability of the silencers to function in different DNA contexts. The insertion of the HMR-E silencer 5' to the promoter of the HSP82 gene results in a fivefold SIR-dependent repression of the basal level of expression but has no effect on the level of induced expression (56) . Similarly, insertion of a DNA fragment containing the HMR-E silencer into a chimeric plasmid containing a reporter gene results in at least 100-fold repression, but the SIR dependence of this effect has not been established (19) . It would be interesting to determine more extensively whether chromosomal locale plays a role in the ability of a silencer to repress transcription.
Several insights into the properties of silencers have come from studies of HML (113) . First, insertion of a tRNA gene at HML results in SIR-dependent repression like that seen at HMR (160) . Second, insertion of URA3 to the left of the HML-E boundary or to the right of the HML-I boundary results in repression of URA3 expression. Although the SIR dependence of this effect was not established, at face value these observations suggest that the repressed domain is not limited to sequences between HML-E and HML-I (113).
These observations therefore challenge looping models in which pairing of E and I elements constrain a domain of chromatin between them, which consequently is rendered transcriptionally inactive (78) .
Anatomy of Silencers
The HMR-E silencer has been dissected by using biochemical and genetic approaches. Three sequence elements, known as A, E, and B, were defined genetically through deletion studies (Fig. 2) . (It is important to realize that the E element is one of the components of the HMR-E silencer, as the similar names are a potential source of confusion.) Single mutations in any one of the A, E, or B elements had little effect on repression, but mutations in any two of the three elements resulted in derepression (12) . Therefore, the HMR-E silencer is composed of functionally redundant elements (Fig. 2) .
Biochemical studies demonstrated that the HMR-E si- (88) ; and the mutations in the synthetic silencer are replacement mutations in the ARS consensus sequence or the ABF-I-binding site (117) . lencer is specifically bound by two abundant DNA-binding proteins, known by various names but denoted here as RAP1
and ABF-I (18, 19, 33, 164) . Footprinting experiments demonstrated that the binding site for RAP1 overlaps the genetically defined E element and the binding site for ABF-I overlaps the genetically defined B element (33, 164) (Fig. 2 ).
To refine further the relationship between the E and B elements and the RAP1-and ABF-I-binding sites, point mutations in the RAPl-and ABF-I-binding sites that eliminated binding by the respective proteins in vitro were tested for their effects on silencing in vivo. Like the deletions defining the E and B elements, neither point mutation alone results in extensive derepression of HMRa, but the double point mutation results in complete derepression of HMRa (88) . Thus, the sequences required for binding of the two proteins in vitro are required for repression in vivo (Fig. 2) .
The genes encoding the RAP1 and ABF-I proteins have been cloned and sequenced; both are essential for viability (34, 60, 149, 162) . Intriguingly, RAPM and ABF-I share blocks of sequence homology that extend throughout the two proteins. The ABF-I protein has a single zinc finger and requires zinc to bind DNA (34) .
Both RAP1 and ABF-I bind specifically to many other sites in the S. cerevisiae genome. RAP1 binds to HML-E, weakly to HML-I, to the (C1_3A)n repeats of telomeres, and to many promoter elements (14, 18, 19, 22, 78, 81, 107, 162, 164, 186) . ABF-I binds to HMR-I, to HML-I, to a subset of S. cerevisiae autonomous replicating sequence (ARS) elements, and to promoter elements (14, 18, 22, 30, 31, 33, 61, 164) . In a number of cases, the RAPl-and ABF-I-binding sites are known to be required for expression of the adjacent genes (23, 30, 50, 61, 62, 109) . Similarly, either the ABF-I-or the RAPl-binding sites are capable of providing upstream activating sequence activity to test plasmids (12, 19, 20) . Because RAP1 and ABF-I can each activate transcription, the additional ability of these proteins to silence transcription at HMR may require the particular context of the silencer.
The third element of the HMR-E silencer, element A, overlaps a perfect match to the 11-bp ARS consensus sequence (Fig. 2) . In addition, element B contains multiple near-matches to the ARS consensus sequence (12) . Close matches to the ARS consensus sequence are found in all ARS elements, which are defined by their ability to enable S. cerevisiae plasmids to replicate autonomously (174; reviewed in reference 134). All four silencers (HMR-E, HMR-I, HML-E, and HML-f) possess ARS activity (1, 42) , raising the possibility that DNA replication is involved in transcriptional silencing (see below). At least one protein that binds preferentially to the T-rich strand of the ARS consensus sequence has been identified. This factor, named both ACBP and ssARS-T, binds to many ARS elements, including the HMR-E silencer (77, 158) . ACBP binds with reduced affinity to a HMR-E silencer fragment containing a deletion mutation in the A element in vitro, implying that ACBP may have a role at the silencer in vivo (77) . In contrast to RAP1 and ABF-I, it is not yet known whether ACBP is encoded by an essential gene or whether it has a role in ARS function.
An additional genetically defined sequence element, denoted D, appears to be a component of the HML-E silencer (112) . It is unclear whether the D element is bound by an undiscovered protein or whether it plays some other role in repression of HML. Do RAP1, ABF-I, and ACBP actually function in transcriptional repression in vivo? The evidence described above, that the RAP1-, ABF-I-, and ACBP-binding sites are required for silencing, is very strong. However, the question of whether the RAP1, ABF-I, and ACBP proteins are themselves involved in silencing cannot be answered solely by an analysis of the phenotypes caused by mutations in the binding sites. The possibility remains that multiple proteins bind to a particular sequence element and that factors other than the ones that bind in vitro actually mediate repression in vivo.
Mutations in the RAPI gene have provided conclusive evidence for the involvement of RAP1 in silencing (Table 1) .
Two types of RAP1 mutations result in derepression of HMRa. The first type, defined by the temperature-sensitive alleles rapl-4 and rapl-5, lead to derepression of HMRa at the nonpermissive temperature in combination with either the ABF-I-binding site deletion (AB) or the deletion encompassing the ARS consensus sequence in the HMR-E silencer (AA) (97) . Thus, the derepressed phenotype of the rapl-4 and rapl-S mutant strains is similar to the phenotype of strains with mutations in the RAPl-binding site within the HMR-E silencer (AE), in that derepression depends upon inactivation of an additional component of the silencer. The rapl-4 and rapl-S mutants confer temperature-sensitive growth, and mutant extracts are temperature sensitive for 548 LAURENSON AND RINE cause derepression of HMR (179) . The (88, 90, 117) . In addition, the segregation function displays "centromere antagonism": plasmids with both a centromere and a silencer are less stable than plasmids with either element alone. The loss of plasmid stability as a result of centromere antagonism is ameliorated either by treatment with benomyl, which destabilizes microtubules and causes increased loss of centromere-containing plasmids, or by a sir mutation, which eliminates the silencer-dependent segregation (90) . It is unclear just how silencers segregate plasmids, but models invoking an association of silencers with some structural component of the nucleus, which is partitioned relatively evenly between the mother and daughter cell, are attractive (88, 90 S. cerevisiae leads to methylation of the S. cerevisiae genome with few detectable pleiotropies (41, 76) . The region of DNA around HMR and telomeres is less methylated in Sir' strains than in Sir-strains (53, 166) . Thus, a SIRdependent mechanism may make the silent mating-type loci less accessible to a variety of proteins that interact with DNA.
ROLE FOR THE STRUCTURE OF CHROMATIN IN REGULATION OF REPRESSION AT HML AND HMR
Histone H4 Mutations The first evidence establishing a causal connection between changes in chromatin structure and changes in gene expression in S. cerevisiae came from mutations in genes encoding histone H2A and histone H2B. These mutations suppressed the His-or Lys-phenotype caused by the insertions of 8 elements near the promoters of the HIS4 and LYS2 genes, most probably by affecting the transcription of HIS4 and LYS2 (28) . These studies established the principle that changes in core proteins of the nucleosome can have relatively specific effects on transcription in S. cerevisiae.
The second piece of evidence came from mutations in the structural gene for histone H4. Histone H4 is among the most highly conserved proteins found in nature, with only one change in the first 50 amino acids in the billion years of evolutionary divergence separating S. cerevisiae and humans. Remarkably, S. cerevisiae strains carrying deletions within this highly conserved region are viable. However, a deletion removing amino acids 4 through 19 (and more extensive deletions) results in a dramatic derepression of HML and HMR (87, 135) (Table 2 ). This result suggests that repression of the silent mating-type loci depends on some feature of chromatin structure.
The amino-terminal domain of histone H4 is rich in basic amino acids and is posttranslationally modified. The modifications are thought to enable histone H4 to mediate its diverse nuclear functions. For example, four lysine residues are found in the first 16 amino acids of histone H4; acetylation of the £-amino group of lysines neutralizes their positive charge and is correlated with transcriptional activity (reviewed in reference 167). Mutations altering any or all of the first three lysine residues have little effect on repression at HML (Table 2 ). In contrast, the alteration of all four lysine residues results in considerable derepression of HML, irrespective of the charge of the substituting amino acids. Thus, repression at HML is not solely a consequence of the net charge of the histone H4 amino-terminal domain. Substitution mutations altering single residues in amino acids 16 through 19 The amino terminus of histone H4 is thought to interact with DNA within the nucleosome octamer and may additionally provide a point for interaction with other proteins (reviewed in reference 167). In an attempt to identify proteins that interact with the amino-terminal domain of histone H4, Johnson et al. (85) isolated suppressors that restored mating competence to strains with a derepressing substitution mutation altering amino acid 16 of histone H4. Several of the suppressors had mutations in the SIR3 gene, leading to the hypothesis that SIR3 and histone H4 interact. However, these mutations in SIR3 do not derepress HML or HMR in an otherwise wild-type cell. Additionally, the ability of the SIR3 alleles to suppress the phenotype of histone H4 aminoterminal mutations is not allele specific (85) . For example, some of the alleles of SIR3 were able to suppress the phenotype caused by a 5-amino-acid deletion of the histone H4 amino terminus as well as by point mutations (84) . Therefore, although the suppression of histone H4 mutations by mutations in SIR3 may imply that the SIR3 protein and histone H4 directly interact, there is no strong genetic evidence supporting such a model.
A role for protein acetylation in repression of the silent mating-type loci was suggested by the discovery that the NATl (AAA1) and ARDI genes, which are likely to encode the two subunits of an amino-terminal protein acetylase, are required for repression (Table 1) . Strains with either a natl or an ardl mutation or a strain with the natl ardl double mutation are completely derepressed at HML and partially derepressed at HMR (100, 102, 126, 189) (Fig. 1) . Thus, a protein with an acetylated amino terminus may play a role in repression. An analysis of histone H4 alleles containing altered amino-terminal residues demonstrates that the histone H4 protein is not the biologically significant target of this protein acetylase (135) . The NAT1 (AAA1)/ARD1 protein acetylase will acetylate histone H2A in vitro. However, two-dimensional protein gels have revealed at least 30 abundant proteins whose acetylation is NATI (AAA1)IARD1 dependent (126) . Thus, the in vivo substrate relevant to silencing remains unclear. HML is more easily derepressed than is HMR by mutations in a number of different genes. Therefore, the relative specificity of natl (aaal)Iardl mutations for HML may merely reflect a partial loss of function of a target protein of the NAT1 (AAA1)/ARDI acetyltransferase, rather than a target protein whose function is required predominantly at HML.
Biochemical Studies
The first suggestion that chromatin structure might be important in repression came from experiments comparing the DNase I and micrococcal nuclease digestion profiles of HML, HMR, and M4T in Sir' and Sir-strains. A particularly strong SIR-dependent difference in the DNase I nuclease sensitivity pattern is visible at the HO cleavage site in HML and HMR, which might indicate that the placement of nucleosomes plays a role in repression (128) . However, these studies did not test whether the changes in nuclease sensitivity are an indirect effect of transcription, making it difficult to infer causal relationships in the changes in hypersensitive sites. Perhaps the more striking result from these studies is how few differences are observed between AMT and the silent mating-type loci in either Sir' or Sir-strains.
Because we now know that histone H4 is involved in silencing, this might indicate that repression at the silent mating-type loci requires the formation of some higher-order chromatin structure that is not effectively monitored by DNase I.
Additional suggestive evidence that silencing involves alterations in chromatin structure comes from biochemical experiments evaluating nucleosome accessibility at particular genes (26) . Nucleosomes can be partially digested with micrococcal nuclease, passed over a column that binds to an internal cysteine residue on histone H3, and washed successively to remove first unbound nucleosomes, then to remove nucleosomes bound to the column through interactions with other proteins, and finally to remove the nucleosomes bound to the column through histone H3. The distribution of specific genes within the fractions can then be assayed. Transcriptionally active genes, like AL4Ta, bind to the column through associations with histone H3, implying that the nucleosomes at those loci are in an "open" or accessible state. Intriguingly, the nucleosomes at the transcriptionally inducible GALI gene appear to be in an accessible conformation irrespective of the GALl transcriptional state. In stark contrast, the nucleosomes at HMRa appear completely inaccessible (26) . Although these experiments compared different genes (AL4Ta versus HMRa) and did not test the SIR dependence of the effect at HMR, they provide tantalizing clues that the chromatin at the silent mating-type loci is intrinsically different from the chromatin at genes like GALI that exhibit multiple transcriptional states.
HERITABLE ASPECTS OF TRANSCRIPTIONAL
SILENCING A noteworthy aspect of many transcriptionally inactive genes is the stability of the inactive state in mitotically dividing cells. Specifically, the silent mating-type loci are completely repressed in wild-type strains grown under laboratory conditions. Upon duplication, the HML and HMR loci are transcriptionally inactive, whereas the MA4T locus is transcriptionally active. Several mechanisms, not necessarily mutually exclusive, could account for the ability of a single repressed locus to become two repressed loci during S phase. For example, a mechanism might exist that is required to turn off genes de novo after they are replicated, and without this mechanism both copies would be expressed. Another possibility is that the repressed state serves as a template for its own duplication during replication. Two studies suggest that both kinds of mechanism function at the silent mating-type loci.
Studies using conditional sir3 mutant strains led to the insight that repression can occur de novo at HML and HMR. Experiments conducted by Miller and Nasmyth (120) demonstrated that, once the silent mating-type loci are derepressed, they are able to become repressed again if the cell is allowed to pass through the S phase (Fig. 3A) . These pivotal experiments provided evidence that a mechanism, named establishment, is able to transform a silent matingtype gene from a transcriptionally derepressed state to a transcriptionally repressed state. In addition, the experiments provided the evidence that an S phase event, perhaps replication, is required for establishment to occur (this is discussed in detail in the following section). These results left open the possibility that repression at HML and HMR is established anew every cell cycle, thereby ensuring that the silent mating-type loci remain stably repressed.
Experiments investigating the phenotype of sirl strains provide evidence that a second mechanism, designated here as inheritance, is able to promote the transmission of the transcriptionally repressed state from one cell to its progeny. (140) . (Formally, it is possible that a mechanism operates to maintain the repressed state during the cell cycle and that this mechanism is distinct from the mechanism that allows its inheritance. Although mutations that differentiate between maintenance and inheritance have not been discovered, they are discussed as separate processes in this review.)
One feature of the switch from the derepressed to the repressed state in sirl strains is particularly intriguing. Pedigree analysis reveals that switches in transcriptional states occur in related pairs of cells. Specifically, both the mother and daughter cells switch from the derepressed to the repressed state in the same cell division. In pedigrees in which a switch occurs after the first cell division, it is possible to determine the fate of the sister of the mother cell that changes state. Remarkably, this analysis shows that both sister cells switch states in the same cell division. The result of this pattern, termed grandparental inheritance, is that all four offspring of the same grandmother cell adopt a new and heritable transcriptional state simultaneously (Fig.  3C ). These observations imply that a change presaging a switch in the transcription state takes place before the grandmother cell divides (140) . Formally, it is also possible that the "decision" to switch states happens three or more cell divisions before it actually is seen, but the pedigree analysis performed to date has precluded observations of great-grandparental inheritance. The parallels between the behavior of sirl cells and developmental lineages in multicellular organisms is striking. The switch from one state to another is akin to differentiation since cells with a new stable phenotype are produced from cells of a different phenotype. Similarly, the event that occurs in the grandmother cell that leads to differentiation is akin to determination.
It is now apparent that the clonal inheritance of transcriptional states may be a general characteristic of strains with weak defects in silencing. Like strains with a sirl mutation, strains with mutations in the HML-E silencer, when coupled with a deletion of the HML-I silencer, show a similar pattern of expression that is stably inherited. Thus, the inferred role of SIR1 in the establishment of repression at HML may not be a singular one. However, in these so-called HMR-EP strains, switches from the derepressed to the repressed state do not always occur in mother-daughter pairs (112) . This lack of symmetry might imply that the silencer elements play some role in the switch from the derepressed to the repressed state in the grandparental cells. Mitotically stable transcriptional states are also exhibited by genes inserted adjacent to the telomeres (4, 54) and will be discussed more extensively below.
DOES DNA REPLICATION FUNCTION IN REPRESSION
AT HML AND HMR?
Role of ARS Elements
Several lines of evidence suggest that DNA replication may be involved in silencing. The first clue implicating a role for DNA replication in the transcriptional repression of HML and HMR was provided by the discovery that the silencers have ARS activity and that they have matches to the ARS consensus sequence (1, 42 A second clue that DNA replication may play a role in silencing came from a study of the cell cycle requirements for repression of the silent mating-type loci (120) . When cells with a temperature-sensitive mutation in the SIR3 gene are shifted to the nonpermissive temperature from a variety of points in the cell cycle, the silent mating-type loci become transcriptionally derepressed. Hence, the SIR3 protein may be required throughout the cell cycle to maintain repression. However, upon a shift from the nonpermissive to the permissive temperature for the sir3(Ts) strains, the restoration of transcriptional repression at the silent mating-type loci requires passage through the S phase of the cell cycle (Fig.  3A) . Cells held in G1 or treated with hydroxyurea (an inhibitor of DNA replication) fail to restore repression. In contrast, if cells are allowed to pass through the S phase but are blocked at the G2-M transition by treatment with a microtubule inhibitor, the cells can restore repression. Most cells restore repression within two cell cycles, and many may restore repression within the first cell cycle. Thus, an S phase event, perhaps DNA replication, is required to establish transcriptional repression at the silent mating-type loci (120) . Given that the silencers might act as chromosomal origins, one hypothesis that incorporates all of the observations is that initiation of replication from the silencers is required to establish repression at the silent mating-type loci.
A direct test of whether the ARS activity of silencers on plasmids reflects their role as origins of replication has been made possible by techniques that use two-dimensional agarose gel electrophoresis to reveal the unique mobility of restriction fragments containing an origin of replication (13, 133) . By using these techniques, both the HML-E silencer and the HMR-E silencer were shown to act as origins of replication when present on plasmids (80, 155) . Thus, both of these ARS elements are at least potential chromosomal origins of replication. Surprisingly, this potential appears to be fulfilled in one case and not in the other. Specifically, chromosomal DNA replication clearly does initiate replication at the HMR-E silencer (154), whereas initiation is not detected at HML (36) .
At face value, this difference in the replication properties of the silencers at HML and HMR has several possible interpretations. For example, the initiation of replication could be required for repression at HMR but not at HML, indicating a fundamental difference between the mechanisms of repression at HML and HMR. Alternatively, the initiation of replication and the repression of transcription from the HMR-E silencer could be coincidental, unrelated events with no direct relationship with one another. In this example, the relevant S phase requirement for the establishment of repression could be a process other than the initiation of replication, such as the progression of DNA polymerase through the silent mating-type loci. A conceptually simple experiment to determine the importance of replication initiation at HMR-E would be to construct an ARS-defective version of the HMR-E silencer and test its replication and transcriptional repression properties. This experiment is difficult to conduct with the wild-type silencer because it contains multiple ARS elements (12) and would require multiple mutations to make it Ars-. In contrast, the experiment is feasible with the synthetic silencer.
The requirement for the ARS consensus sequence in the repression of transcription and in the initiation of replication of HMR was tested by using the synthetic silencer. The synthetic silencer, described above, contains a single ARS consensus sequence and has both silencer activity when placed into the chromosome and ARS activity when placed with its flanking sequences on a plasmid (117) . Two-dimensional agarose gel electrophoretic techniques revealed that, like the wild-type HMR-E silencer, chromosomal replication does indeed initiate from the synthetic silencer (154) . A replacement mutation in the synthetic silencer ARS consensus sequence results in a total loss of detectable ARS activity when assayed on a plasmid (117), making ARS activity directly amenable to genetic analysis. When used to replace the wild-type HMR-E silencer in the chromosome, the ARS-defective allele of the synthetic silencer results in both a substantial loss of repression at HMR (117) and a loss of detectable replication initiation from the synthetic silencer (154) . Therefore, the ARS consensus sequence of the synthetic silencer is required for both initiation of replication and silencing. These observations provide evidence for a coupling between initiation of replication and transcriptional repression by the HMR-E silencer.
Several models can be proposed to explain the requirement for the ARS consensus sequence of the synthetic silencer in both the initiation of replication and transcriptional repression. Two simple models predict either that repression of HMR is required for replication initiation from the synthetic silencer or that replication initiation from the synthetic silencer is required for repression of HMR. Analysis of the replication properties of the HMR-E silencer in strains defective in SIR genes disproves one of the models. Specifically, mutations in any of the four SIR genes, which result in derepression of HMR, have no detectable effect on replication initiation from HMR-E (154). Thus, initiation of replication from HMR-E does not depend on repression of HMR, leaving intact the possibility that repression depends on replication initiation from the synthetic silencer. A different model explaining why Ars-mutations affect both silencing and the initiation of replication is that an ARS consensus sequence-binding protein has multiple domains that each have a distinct role in replication and repression. This model is similar to the case of NF-1 (CTF), an adenovirus protein involved in both transcription and replication (119) . A final possibility is that the requirement for the ARS consensus sequence in both silencing and initiation of replication from the synthetic silencer is fortuitous and that repression and initiation of replication merely share a requirement for a particular sequence element. This latter possibility seems less likely because alterations of the context (as opposed to the sequence) of the synthetic silencer that impair its ability to act as an ARS show corresponding deficiencies in repression of HMR (117) . Therefore, we are left with two views: either repression mediated by the synthetic silencer is mechanistically dependent on replication initiation at the synthetic silencer, or both processes require the ARS consensus sequence, perhaps because the ARS consensus sequencebinding factor may have multiple properties.
In contrast to the situation at HMR, some of the mutations that disrupt ARS activity at HML-E have little effect on repression (112) . One possible interpretation of these results, in combination with the results that fail to detect the initiation of replication from HML (36) , is that repression at HML has little to do with initiation of replication. However, until the absence of replication initiation at HML has been verified at a higher level of sensitivity, it is premature to decide repression at both silent mating-type loci will best be resolved when the functions of the proteins working at the silencers are more clearly understood.
Timing of Replication A general feature noted for many organisms is that active genes are replicated earlier in the S phase and inactive genes are replicated later in the S phase. In addition, telomeres, telomere-linked regions, and heterochromatin are also late replicating (43, 44, 116; see below) . A distinctive feature of HMR and HML is that they replicate late in the S phase, whereas AM T replicates relatively early in the S phase (148) .
Although the correlation between gene activity and time of replication has been widely noted, it is unclear whether active transcription causes early replication, whether late replication inhibits transcription, or whether the two processes lack any mechanistic connection. To understand the link between timing of replication and transcriptional activity more fully, a thorough investigation of the effect of mutations affecting silencing on the timing of HML and HMR replication is in order. (4, 52) . These results illuminate a connection between SIR gene functions and specific chromosomal structures. In particular, the SIR proteins may be required for the maintenance of the S. cerevisiae homologs of the heterochromatic DNA described for organisms with cytologically detailed chromosomes.
Telomeres
Like the heterologous genes placed within the silent mating-type loci (11, 113, 160) , genes placed within the telomeres display a position effect (54) . Genes that are transcriptionally active in their normal chromosomal locations are often transcriptionally repressed when inserted into telomeric locations. The telomere-proximal genes may display specific, heritable transcriptional states, much like the transcriptional states seen at HML in sirl strains. This is most easily visualized in ade2 strains that have the wild-type ADE2 gene inserted at the telomere. Colonies in which ADE2 is expressed are white, colonies in which ADE2 is repressed are red, and colonies in which ADE2 is slightly expressed are pink. The telomere-proximal ADE2-containing strains have sectored red and white colonies. (4, 54) . The telomeric position effect requires SIR2, SIR3, SIR4, HHF2, NATl, and ARD1, most of the genes known to be required for repression of the silent mating-type loci (Fig. 4) . Consequently, it seems likely that the transcriptional repression at telomeres is mechanistically similar to the transcriptional repression at HML and at HMR (4) . The telomeres used in those studies contain RAPlbinding sites (18, 19, 107) , which may mediate the position effect. Wild-type telomeres also contain ARS elements (24, . At HMR-E, the ARS consensus sequence, RAPl-binding site, and ABF-I-binding site are depicted. All three elements are known to be involved in repression (12, 88, 117) . Telomeres bind RAP1 on average every 40 bp within the (Cl3A),, repeats (19, 107) and, in addition, contain ARS elements within the Y' and X sequences (24, 25) . Y' ARS elements are capable of acting as origins of replication in the chromosome (43) . In at least some instances, ABF-I-binding sites are found within the Y' and X sequences as well (8, 37) . The ribosomal repeats contain ARS elements (96, 181) and a binding site for RAP1 within the 26S transcript (19) . It is not known whether the binding sites and ARS elements are involved in repression at telomeres or within the rDNA. 25 ), at least some of which are origins of replication in the chromosome (43) , and may contain ABF-I-binding sites (8, 37) (Fig. 4) . Further experiments are required to determine whether these three classes of elements are involved in telomeric repression.
Ribosomal Genes
The ribosomal genes of S. cerevisiae consist of a tandem array of approximately 200 repeats of a 9.1-kb sequence (reviewed in reference 187). The ribosomal genes undergo meiotic recombination much less frequently than predicted from their physical length, presumably because of the potentially hazardous consequences to a cell if unequal reciprocal exchange were to occur (137, 138) . The SIR2 protein is required for the repression of recombination within the ribosomal repeats (Fig. 4) , but the SIR1, SIR3, and SIR4 proteins are not. In strains with a sir2 mutation, both meiotic and mitotic recombination within the rDNA is derepressed 10-to 15- (19) (Fig. 4) , although their roles in repression of recombination remain unclear.
How might the silent mating-type loci, telomeres, and ribosomal genes be related? In many organisms, telomeres are heterochromatic (46, 58, 185) and are associated with the nuclear envelope (51, 188) . In addition, the ribosomal genes are found within heterochromatin in at least some organisms and are associated with the nucleolus (152 melanogaster (the genes are more active) (122, 123) , as does butyrate treatment, which inhibits histone deacetylation (125) . In S. cerevisiae, mutations in the amino terminus of histone H4 lead to the activation of the normally silent genes at HML and HMR (85, 87, 118, 135 X-Inactivation X-inactivation may be the most similar mammalian counterpart to silencing in S. cerevisiae. In female mammals, one X chromosome is randomly inactivated early in embryonic development, and the inactive state is stably inherited through subsequent cell divisions for the life of the animal (reviewed in references 48 and 55). Thus, both X-inactivation and repression at the silent mating-type loci are associated with the clonal inheritance of transcriptional states. The inactive X forms the heterochromatic, late-replicating, and highly methylated Barr body. Thus, both the inactive X chromosome and the silent mating-type loci replicate late in the S phase, and both might possess a specific chromatin structure. Many of the genes on the inactive X chromosome are transcriptionally repressed, which provides the mammalian dosage compensation mechanism. Thus, both repression on the inactive X chromosome and repression at the silent mating-type loci are somewhat gene nonspecific. The two phenomena also differ from one another. For example, the transcriptional repression of the inactive X chromosome is closely connected to methylation. There is no evidence of a similar role for methylation in S. cerevisiae (142) . In addition, the silencers in S. cerevisiae may be rather different from sequences that are required for X-inactivation. The region known as the X-inactivation center is found on the X chromosome, and the repressed state appears to emanate from this region (reviewed in references 29, 111, and 143). The human and mouse X-inactivation centers colocalize with a gene known in humans as XIST, which is unusual in that it is transcribed from the inactive but not the active X (10, (15) (16) (17) . It is not yet clear whether XIST is responsible for initiating inactivation and, if so, what mechanistic role it might play. Consequently, it is too soon to know whether the establishment of the repressed state during X-inactivation is similar to the establishment of the repressed state at the silent mating-type loci.
Imprinting in Mammals
Imprinting, another example of transcriptional repression seen in mammals, shares some similarities with silencing in S. cerevisiae. Imprinting describes the differential expression of a gene as a consequence of its parental derivation. In some cases a gene is expressed only if contributed by the mother, and in other cases it is expressed only if contributed by the father. Thus, maternally and paternally inherited loci can coexist in two separate transcriptional states within the same nucleus (reviewed in references 104, 121, 144, 168, and 191 ; see also reference 7). Repression in S. cerevisiae is similar in that identical genes, such as the al and a2 genes at AL4Ta and HMRa, also coexist in separate transcriptional states. Imprinted loci in mammals may also show epigenetic inheritance within tissues. Therefore, the two phenomena are alike in the heritability of the transcriptionally repressed state. Like X-inactivation, some aspects of imprinting differ from repression at the silent mating-type loci. For example, imprinted alleles are not associated with specific silencer sequences, and some imprinted transgenes show differential methylation (21, 145, 156, 180) . Further work is needed to determine whether the similarities or differences between silencing and imprinting are the most biologically revealing.
CONCLUDING REMARKS Numerous investigations have helped define the phenomenon of repression at the silent mating-type loci and have identified regulatory sequences and proteins that mediate silencing. Models explaining repression at HML and HMR must now address a variety of observations. For example, repression at the silent mating-type loci appears to be polymerase and promoter nonspecific. In addition, the DNA at HML and HMR may occlude certain protein-DNA interactions, such as the binding of HO endonuclease. Furthermore, specific mechanisms appear to exist to establish the repressed state and then to perpetuate the repressed state from one cell to its progeny. These phenomena may provide clues for elucidating the molecular mechanism of transcriptional silencing.
In the future, it should be possible to address the mechanism of silencing directly through biochemical studies. A more complete understanding of repression will require the analysis of the biochemical functions of the proteins mediating repression. In particular, such studies may provide an understanding of the role of chromatin in silencing and of the link between silencing and replication. The insights gained from further research on repression in S. cerevisiae may help us to understand heritable transcriptionally repressed states in other organisms.
Finally, the SIR genes may be among the first examples of a new brand of regulators. Rather than being regulators of gene expression per se, the SIR genes appear to be regulators of regional expression since their function is exerted over regions rather than restricted to specific genes. Might other regulators be region specific rather than gene specific? The staining pattern of metaphase chromosomes from many organisms reveals regions of multiple megabases that respond homogeneously to a stain and differ from the response at other regions. Thus, there are multiple megabase-sized regions of complex genomes with physical properties that differ from those of other regions. Perhaps there will be regulatory proteins that are responsible for establishing the physical properties of these regions and thus have an impact on the expression of genes in these regions. If regulators of regional expression emerge as a theme in eukaryotic genomes, it is virtually certain that studies of S. cerevisiae will be leading the way.
